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The Greater Maldive Ridge (GMR), consisting of the Maldive Ridge (MR) and Deep Sea Channel (DSC)
region, is the N-S trending, middle segment of Chagos-Laccadive Ridge system. This ridge system is
widely considered to be the repository representing the interaction between Central Indian Ridge spread-
ing centre and Reunion plume. The present study investigates in detail, spatial variations in effective elas-
tic thickness (T.), isostasy and crustal structure of GMR using high resolution satellite derived gravity,
residual geoid and bathymetry data. Estimated T, values along the GMR from 2D and 3D flexural mod-
elling ranges from 6.5-16.5 km with comparatively lower T, values over MR (7-9 km) and slightly higher
values over the DSC region (>10 km). Geoid to Topography Ratio computed for two wavelength bands
shows almost similar kind of variation along the ridge with a maximum value of 1.4 m/km in the DSC
region, decreasing northwards to 0.6 m/km over MR. Integrating results from the present study with
crustal thickness, Moho undulations and Curie depth along the entire length of the GMR suggest that
MR was formed in the vicinity of spreading centre while DSC region was under a long transform fault
which has given rise to the gap zone between Chagos Bank and Maldive Ridge during plume-ridge
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1. Introduction

The northern Indian Ocean comprises number of aseismic
ridges (Ninety East Ridge, Eighty Five East Ridge, Laxmi Ridge,
Chagos-Laccadive Ridge, etc.) some of which protrude high above
the ocean floor. These ridges are considered to be the repositories
of several major tectonic processes including the northward
motion of India during the opening of the Indian Ocean, litho-
spheric plate reorganizations, interactions between spreading cen-
ters and mantle plume or plate-plume interactions, and
continental collisions. One such prominent aseismic ridge in the
Western Indian Ocean is the approximately 3000 km long,
north-south running, slightly arcuate shaped Chagos-Laccadive
Ridge (CLR) located between latitudes 10°S and 15°N (Fig. 1). The
CLR system consists of mainly three segments, the Laccadive Ridge
(Lakshadweep) in the north, Maldive Ridge in the middle and Cha-
gos Bank in the south (Bhattacharya and Chaubey, 2001). The nat-
ure of the crust underlying the CLR i.e., whether it is continental or
oceanic, and its genesis is still controversial and several theories
were put forth for its evolution (Kunnummal et al., 2018 and
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references therein). Among the several theories put forth for its
evolution, the formation of the CLR due to the Reunion hotspot
activity (Francis and Shor, 1966; Dietz and Holden (1970);
Morgan, 1981) as the Indian plate moved over the hotspot gained
wide popularity as few DSDP/ODP wells drilled over different seg-
ments of the ridge encountered basalts of younger age (~41 Ma
to ~ 65 Ma) (Backman et al., 1988; Duncan and Hargraves,
1990). In this context, the interaction of Reunion hotspot with
the Central Indian Ridge was proposed to be the possible genesis
of the Maldive Ridge in the regional studies carried out over the
Chagos-Laccadive Ridge (e.g., Tiwari et al., 2007; Bredow et al,,
2017; Sreejith et al., 2019). However, the tectonic evolution sug-
gested for the Maldive Ridge by these studies differ each other
about the tectonic setting in which the ridge was emplaced; i.e.,
whether it was formed in the vicinity of ridge axis (Bredow et al.,
2017), near to the spreading ridge (Ashalatha et al., 1991; Tiwari
et al., 2007) and/or on the flanks of the CIR (Sreejith et al., 2019).
Earlier studies have reported magmatic underplating associated
with Reunion plume throughout the length of the CLR (Gupta
et al., 2010; Fontaine et al., 2015). The crustal thickness estimated
over the Greater Maldive Ridge (Maldive Ridge and Deep Sea chan-
nel) predicted a decrease in crustal thickness from 27 km below
the Maldive Ridge to ~ 9 km in the DSC region (Kunnummal
et al., 2018). Further, an eastward extension of fracture zones
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Fig. 1. a) Bathymetry map of the Western Indian Ocean generated from satellite altimetry (Smith and Sandwell, 1997) depicting the major structural features in the study
region and adjacent areas. The study region is shown in white rectangular box. b) 3D bathymetry of the Greater Maldive Ridge. c) The solid black triangles and squares
respectively indicates seismic refraction stations (Francis and Shor, 1966) and the location of permanent broadband seismic stations used for receiver function studies
(Fontaine et al., 2015). The profile AB and CD respectively show the locations of profile used for modelling the crustal structure from FAG-IOGL data after Kunnummal and
Anand (2019) (along AB) and in the present study (along CD). MR: Maldive Ridge, DSC: Deep Sea Channel, GMR: Greater Maldive Ridge, CIR: Central Indian Ridge, CR:
Carlsberg Ridge, CLR: Chagos Laccadive Ridge, LR: Laccadive Ridge, OFZ: Owen Fracture Zone, Sy: Seychelles, MP: Mascarene Plateau, SdM: Saya de Malha, COM: Comorin

Ridge.

(FZs) associated with spreading of Central Indian Ridge was found
in the DSC region with an abrupt truncation at Vishnu Fracture
Zone (Kunnummal and Anand, 2019), though no such FZs were
identified over the Maldive Ridge. A better perspective of the crus-
tal structure and tectonic evolution of Greater Maldive Ridge is
needed to explain these observations.
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The tectonic evolution of a seafloor bathymetric feature are
primarily governed by the properties of the oceanic lithosphere.
One, such parameter which is sensitive to the tectonic setting of
the seafloor bathymetric feature is the effective elastic thickness
(Te), which can be used as a proxy for understanding the long-
term strength of the lithosphere (Watts, 2001). The gravity and
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residual geoid data observed over the sea surface are sensitive to
this parameter. Therefore, an investigation of flexure of the litho-
sphere in response to bathymetric loading, using bathymetry, grav-
ity and residual geoid datasets helps to determine the T.. An
understanding of the spatial variation of T, along the bathymetric
feature provide vital information on the structure and tectonic
evolution of the ridge and also provide clues about plume-ridge
interaction i.e., whether the ridge is formed on, near, or far from
a mid-ocean ridge when integrated with other proxies like crustal
thickness, heat flow, etc. (Watts, 2001; Watts et al., 2006). An in
depth understanding of the isostatic compensation mechanism
and the variation of effective elastic thickness over each segment
of the Chagos-Laccadive Ridge System (CLR) is essential in order
to comprehend its tectonic evolution. Most of the previously esti-
mated T, values over the Chagos-Laccadive Ridge system were
based on regional studies, (Ashalatha et al., 1991; Tiwari et al,,
2007; Trivedi et al., 2012; Sreejith et al., 2019) while few other
studies, e.g., Chaubey et al., (2008) attempted detailed investiga-
tion of isostasy of Laccadive segment of the CLR. However, so far
no studies exclusively for understanding the isostasy and determi-
nation of effective elastic thickness over the Maldive Ridge and DSC
region have been carried out. Among a number of geophysical
studies dealing with the isostasy and determination of T, in the
nearby areas of the study region, it could be worth to mention here
the studies by Radhakrishna (1996), Chand and Subrahmanyam
(2003), Bansal et al., (2005), Dev et al., (2007), Ratheesh-Kumar
et al, (2015), Ratheesh-Kumar and Xiao (2018) and Mishra et al.,
(2018, 2020). These studies mainly cover the T, evaluation of Cen-
tral Indian Ridge, Western Continental Margin of India, Owen
transform fault and Laxmi Ridge. Therefore the present study
investigates in detail, the spatial variations in effective elastic
thickness and isostasy of Greater Maldive Ridge (GMR) using high
resolution satellite derived gravity, residual geoid and bathymetry
data to better understand its tectonic evolution. The main objec-
tives of the present study are i) detailed analysis of 2D and 3D flex-
ural modelling using bathymetry-gravity as well as bathymetry-
geoid relationship to obtain finer variation of T. along the GMR,
ii) investigation of Geoid to Topography Ratio variations along
the ridge to examine its isostatic compensation mechanism, iii)
to derive the crustal structure of Maldive Ridge, iv) combine these
information with previously published data of crustal thickness,
Moho depth and Curie depth along the entire length of the GMR
to understand how the Reunion-plume interaction with the Central
Indian Ridge shaped its crustal structure pattern.

2. Morpho-tectonic elements and previous studies

The bathymetric map of the western Indian Ocean encompass-
ing the study region and its major morphological and tectonic fea-
tures are shown in Fig. 1. The study region includes the Maldive
Ridge, the Deep Sea Channel region (i.e., the region between the
Maldive Ridge and the Chagos Bank) (herein referred to as Greater
Maldive Ridge - GMR) and the adjacent Arabian and Central Indian
Basins. The Maldive Ridge extends for about 900 km between the
latitudes 0.5°S and 7.5°N as a N-S trending bathymetric high fea-
ture. The ridge is bounded in the west by the seafloor of Arabian
Basin and in the East by the Central Indian Basin. The ridge is over-
lain by an archipelago of coral islands grouped in a double row of
atolls parted by an inner sea, which forms the Indian Ocean’s most
extensive coral reef and atoll community. Over the Maldive Ridge,
eight IODP wells (expedition 359, Betzler et al., 2017), three ODP
wells (leg 115, sites 714,715,716, Backman et al., 1988) and few
industrial wells were drilled (location shown in Fig. 1). The ODP
well 715 reached up to an olivine basaltic basement of Early
Eocene age (57 Ma) about 211 m below seafloor (Backman et al.,
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1988) and it was suggested that at this site the lava solidified at
sub-aerial depths (Duncan and Hargraves, 1990). Seismic reflection
studies over the Maldive Ridge and the Maldive Inner Seas also
suggested the presence of volcanic basement with sub-vertical
faulting below the Eocene and Oligocene neritic carbonates
(Aubert and Droxler, 1996; Belopolsky and Droxler, 2003; Betzler
et al., 2017). The volcanic basement was subdivided into a 1 -
1.5 km thick lava flow unit (penetrated through drilling) followed
by an acoustic basement (Aubert and Droxler, 1996) whose aver-
age depth to top was determined to be 5.5 km (Kunnummal and
Anand, 2019) from satellite gravity data. Several studies have
reported thicker crust and deepened Moho (>25 km) beneath the
Maldive Ridge (e.g., Torsvik et al., 2013; Kunnummal et al,
2018). Receiver function modelling of broad-band seismic wave-
forms recorded at permanent seismic stations HMDM and KAAM
located over the Maldive Ridge (location shown in Fig. 1) predicted
a mean Moho depth of approximately 28 km and 23 km respec-
tively beneath these stations (Fontaine et al., 2015). Further, seis-
mic discontinuities in the shear wave velocity profile observed
around 13 km over KAAM station and 14 km over HMDM stations
(Fontaine et al., 2015) were inferred to represent the initial Moho
interface before the underplating took place (presently top of the
magmatic underplated rocks). The average depth to the top of
the underplated material along the Maldive Ridge was found to
be 11 km from the gravity study (Kunnummal and Anand, 2019).
Oceanic spreading type anomalies were not identified along the
CLR (Avraham and Bunce, 1977) whereas well-defined seafloor-
spreading anomalies were identified in the Arabian Basin
(Chaubey et al., 2002) and Central Indian Basin (McKenzie and
Sclater, 1971; Cande et al., 2010; Cande and Patriat, 2015; Desa
et al,, 2019; Yatheesh et al., 2019).

The seismic refraction studies (Francis and Shor, 1966) in the
Deep Sea Channel (region between Maldive Ridge and Chagos
Bank) suggested that this region is underlain by a 1 km thick layer
of 2.15 km/s velocity material at the top, followed by an about 4 to
5 km thick layer of probably volcanic material with a velocity of
6.13 kmy/sec. This region appears to interrupt the typically contin-
uous hotspot trail between the Maldive Ridge and the Chagos Bank
and suggested to be originated from a combination of ridge geom-
etry, in particular the distribution of transform faults, plate
motions and plume-ridge interaction (Bredow et al., 2017).
Recently, integrating the results obtained from analysis of satellite
gravity data along with seismic refraction studies (Francis and
Shor, 1966), Kunnummal and Anand (2019) inferred that the crust
below the DSC region is purely oceanic in nature.

3. Data sets used

In the present study, the most recent one arc-minute resolution
global marine gravity model (Version 25.1, Sandwell and Smith,
2009; Sandwell et al., 2014) has been utilized. The main improve-
ment of Version 25.1 with respect to Version 24.1 is the additional
altimeter data from 12 months of CryoSat-2 LRM, 31 months of
CryoSat-2 SAR and 13 months of data provided by the AltiKa
altimeter onboard the SARAL spacecraft, launched in 2013 by the
Indian Space Research Organization (ISRO) and French space
agency, Centre National d’Etudes Spatiales (CNES). Version 25.1
of the free-air gravity data contain information down to very short
wavelengths (<20 km) and hence can be employed for regional as
well as detailed tectonic investigations. As the study region over-
lies the Indian Ocean Geoid Low (IOGL), (Kahle et al., 1978;
Ghosh et al., 2017) the associated long wavelength gravity anoma-
lies was computed using the spherical harmonic coefficient of
EIGEN-6C4 geoid model (Forste et al., 2015) up to a degree and
order of 50 (~800 km) (the coefficients are smoothly rolled off
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between the degrees 30-70) and removed from the Free-air gravity
anomaly to obtain the FAG-IOGL map (Fig. 2a).
The main bathymetric dataset used is the latest one-arc minute

resolution global seafloor topography (Version 18.1, Smith and
Sandwell, 1997). A good coherency was shown between ship-
borne bathymetry and bathymetry by Smith and Sandwell (1997)
for wavelengths > 100 km which suggests that the later bathyme-
try data set can be utilized for studies related to crustal thickness
and/or the elastic thickness of the lithosphere. Additionally the
General Bathymetric Chart of the Oceans (GEBCO, 2021) with 15-
arc second resolution obtained from British Oceanographic Data
Centre (BODC) has also been used for the comparison of results.
The residual geoid anomalies over the region were also utilized
for computations. For this, the high resolution geoid data of the
northern Indian Ocean was first generated using the latest avail-
able one arc-minute resolution global mean surface height
(DTU15MSS) and mean dynamic topography (DTU15MDT) data
sets of Andersen et al. (2019). The residual geoid anomalies
(Sreejith et al., 2013) were then computed by removing the long
wavelength geoid anomalies using the spherical harmonic coeffi-
cient of EIGEN- 6C4 (Forste et al., 2015) up to a degree and order
of 50, the coefficients are rolled off smoothly between the degrees
30-70. Similarly, the residual topography data are prepared by
removing the spherical harmonic expansion of model topography

—4°

-8

Gondwana Research 106 (2022) 142-163

up to degree and order 50 (http://icgem.gfz-potsdam.de,
Barthelmes and Koéhler, 2016) from the bathymetric data. The
residual geoid data generated here largely reflects the
lithospheric-scale structures (this data is provided in the support-
ing information Fig. S1).

In addition to the above data sets, we have used results from
ODP-IODP-DSDP wells, (Backman et al, 1988; Duncan and
Hargraves, 1990; Betzler et al., 2017) and few industrial wells
(Aubert and Droxler, 1996) available over the study region along
with total sediment thickness grid of the world oceans, version 2
(Whittaker et al., 2013; Divins, 2003), where ever necessary. We
have also utilized various published data sets over the Greater Mal-
dive Ridge including the crustal thickness estimates from three-
dimensional inversion of gravity anomalies by Kunnummal et al.
(2018) and Curie depth mapped from the EMAG-2 magnetic data
(Li et al., 2017).

4. Methodology and data analysis
4.1. Flexural modelling
The lithosphere can be modelled assuming it as a thin elastic

plate overlying an inviscid fluid substratum that flexes elastically
in response to vertical loads under the assumption that the plate

b); S 7 LA 76°

68° 72° 76°

Fig. 2. a) FAG-IOGL gravity anomaly map over the Maldive Ridge and adjoining regions. The long wavelength gravity effect of Indian Ocean Geoidal Low (IOGL) is calculated
using the spherical harmonic coefficient of EIGEN-6C4 (Forste et al., 2015) up to degree and order 50 and is removed from the FAG anomaly (V.25.1, Sandwell and Smith,
2009; Sandwell et al., 2014). Locations of median stacked profiles (S1 to S23) used for 2D flexural modelling is superposed. Median stacking has been done on profiles
extracted with 10 km interval in a rectangular box of width 1° (110 km) and considering 0.5° overlap between each box. b) Bathymetry of the study region (GEBCO-2021).
Locations of overlapping grids (B1 to B11) used for 3D flexural modelling are superposed. The grid size is taken as 550 km X 550 km with 1°overlap. LR = Laccadive Ridge; MR:

Maldive Ridg; DSC = Deep Sea Channel region; CB = Chagos Bank.
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thickness is small compared to the radii of plate curvature and the
deflections are small related to plate thickness (Watts, 2001). Grav-
ity and residual geoid anomalies are sensitive indicators of the
flexural properties of the lithosphere. Combined with isostasy
(Dorman and Lewis, 1970) and Fourier domain expressions of grav-
ity anomalies (Parker, 1973), along with the thin elastic plate flex-
ure model, the relationship between the topographic loads and the
underlying Moho deflections as well as the gravity response to
each can be written as the sum of a linear term (first term) and
two nonlinear terms, (second term) and (third term): (Lyons
et al., 2000)

G(k) = 2nG(p, — p,,)e > B(k)[1 — e > IR(|k|)]
n-1
('2”,';' F{b"<r>})

00 n-1
+27G(p,, — pcJe 2D N (2nk| F{m”(r)}>.

+27G(p; — py)e Y

n=2

(1)

|
= n

where G represents the gravitational constant, s is the average
depth of the area from the mean sea level, d is the average crustal
thickness. G(k) and B(k) represents the Fourier transform of gravity
and bathymetry respectively. F and F~' represent the forward and
inverse Fourier transform operations respectively. k denotes the
wavenumber vector (1). The densities of the seawater, load, crust
and mantle in kg/m? are represented by p,. p, p. and p,
respectively.

The first term on the right hand side of the expression (1)
approximates the linear contribution of gravity anomalies from
both the bathymetry of the ocean floor b(r) and Moho undulations
m(r) while the second and third term provides the higher order
effects of bathymetry and Moho topography respectively on the
gravity anomalies. The Moho undulations m(r) are expressed using
thin elastic plate flexure model, as

mir) = F{ - (2L YRk .

with R(|k|), being the wavenumber parameter that modifies the
Airy response to produce the flexural response and is given by

(2)

ppRak* \
k)= (14— )
RelkD (1 Tepn - pc>>

where, g is the mean acceleration due to gravity. The relationship
connecting the flexural rigidity (D) to the effective elastic thickness
(T) is given by

3)

ET?

D=——"¢ .
12(1 - %)

(4)

where, E is the Young’s modulus and 4 is the Poisson’s ratio (Watts,
2001).

Similarly, the geoid response is readily obtained from the equa-
tion: (e.g., Chapman, 1979).

_ Gk

Ggeoid(k) = m .

(5)

Flexural modelling involves, the use of expression (1) and (5) to
calculate the gravity and geoid effect of regionally compensated
bathymetry for various values of elastic thickness (T,) by assuming
the values of crustal thickness and densities of load, crust and man-
tle. The computed gravity or geoid anomalies are compared with
the observed anomalies and the best fitting value of T, is selected
based on minimum misfit criterion. In the present study, the best
fitting T, is considered based on the minimum objective function
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criteria (Eq. (6)) instead of simple RMS misfit in order to achieve
a good discrimination of T, (Smith et al., 1989). The objective func-
tion can be expressed as,

_RMS + abs(Corr.Coeff ) |.

Obj.fun. = 0.5 * RS, .

(6)

where, RMS,,,, represents the maximum RMS from the models of all
T, values, and is used to normalize the RMS range from O to 1. The
absolute value of correlation coefficient between residual anomaly
(i.e., the difference in observed and modelled gravity/geoid) and
the bathymetry is used to confine the values of objective function
within 0 and 1.

Most of the flexural studies carried out over the major aseismic
ridges in the Indian Ocean considered only the first order theory
and ignored the gravity effects originating from higher order terms
of seafloor topography and its compensation (e.g., Paul and Singh,
1992; Sreejith and Krishna, 2013; Sreejith et al., 2019). Even
though the linear approximation is adequate to describe the flex-
ure due to the seamounts, as the first term in expression (1) con-
tribute 90% of the total gravity anomaly, a number of studies
have pointed out, the omission of nonlinear terms may signifi-
cantly underestimate the gravity anomalies (Ribe, 1982; Lyons
et al.,, 2000; Watts et al., 2006; Marks and Smith, 2007). The impor-
tance of inclusion of non-linear terms when modelling the gravity
and geoid anomalies due to topographic load and its compensation
is demonstrated in this paper using synthetic data and results. This
exercise is provided in the appendix (Fig. 11 and Fig. 12). Another
important aspect noted in the flexural modelling studies is the
effect of assumption of two dimensionality for a three dimensional
feature (Ribe, 1982; Filmer et al., 1993; Lyons et al., 2000) when
modelling the gravity and geoid anomalies over profiles. Assump-
tion of two dimensionality for a seamount introduces marked
effects on the gravity anomalies and have large effect on T, deter-
mination in flexural studies (Lyons et al., 2000). However, in the
case of a line ridge, as demonstrated in the appendix of this paper
(Fig. 12), the assumption of two dimensionality has little effect on
the gravity and geoid anomalies.

In the present study, the flexural modelling has been carried out
using both bathymetry-gravity as well as bathymetry-geoid rela-
tionship, along the Greater Maldive Ridge to infer the spatial vari-
ations in effective elastic thickness (T.), a proxy governing the
integral strength of the lithosphere. For the computation of the
effective elastic thickness (T.), we have used Indian Ocean geoidal
low removed Free-air gravity data (FAG-IOGL), residual geoid and
the residual bathymetry. To check the changes in T, if any, intro-
duced as a result of removing the IOGL, we have computed T, using
Free-air gravity data as well. The result of this exercise is shown in
Table S1 in the supplementary section. As the T, values are highly
dependent on the bathymetry of the region, present study utilized
bathymetric data derived by Smith and Sandwell (1997) from
satellite altimetric measurements and General Bathymetric
Chart of Ocean (GEBCO, 2021) computed from depth soundings,
for comparison.

The higher order terms of both bathymetry and Moho topogra-
phy are evaluated up to the order n = 5. A mean and linear trend
was removed from the data which was further extended and
tapered using a Hanning window prior to the Fourier domain com-
putations. Ten percentage of the gravity/geoid data from the bor-
ders were not considered during the comparison of observed and
modelled anomalies with a view to avoid edge effects. The upper
and lower limits of T, are defined by points of intersection where
the objective function minima has increased by 10% of the assigned
objective function. The parameters used for the flexural modelling
are listed in Table 1. A density of 2550 kg/m? is considered for the
load of the ridge, which is the average density of the carbonate
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Table 1

Model parameters used for 2D and 3D flexural modelling.
Parameter Value
Universal gravitational constant (G) 6.67 m’kg 's?
Acceleration due to gravity (g) 9.806 ms—2
Young’s modulus (E) 100 GPa
Poison ratio () 0.25
Seawater density (p,,) 1030 kg/m>
Density of load (p;) 2550 kg/m>
Density of crust (p,) 2900 kg/m>
Density of Mantle (p,,) 3300 kg/m*
Average crustal thickness (d) 7 km

platform (2300 kg/m?) and the lava flow unit (2800 kg/m?). The
average depth to the top of the load is assumed to be 5.5 km, which
is the mean depth to the top of the acoustic basement obtained
from the analysis of radially averaged power spectrum, the gravity
modelling (Kunnummal and Anand, 2019) and seismic reflection
profiles (Aubert and Droxler, 1996). The computations were per-
formed for both 2D (along profiles) and 3D (grids) cases.

As demonstrated in the appendix, the 2D flexural modelling
over the profiles extracted perpendicular to the linear ridge axis
with sufficient profile length, provides reliable T, estimates and
helps to obtain finer T, variations. The Maldive Ridge can be con-
sidered as a linear ridge, having a width>100 km. Therefore in
the present study, in order to obtain finer variations in T,, the
two dimensional flexural modelling has been carried out using
number of closely spaced profiles as well as median stacked pro-
files along the Maldive Ridge and Deep Sea Channel region. For
the safe assumption of two dimensionality the residual bathyme-
try, residual geoid and the FAG-IOGL gravity data along the profiles
were extracted perpendicular to the ridge axis. A total of 23 pro-
files, each having a length of 600 km and a line spacing of 0.5°
(~55 km) between each of them were used for modelling initially
(refer Fig. 2a for profile locations). Considering the rugged topogra-
phy along the Maldive Ridge and DSC region, same number of med-
ian stacked profiles were also prepared and used for analysis.
Median stacking has been done on profiles extracted with 10 km
interval in a rectangular box of width 1° (110 km) and considering
0.5° overlap between each box as shown in Fig. 2a. A representa-
tive plot of median stacked profile of residual bathymetry, residual
geoid and FAG-IOGL gravity data together with a shaded envelope
showing the upper and lower values encountered during the stack-
ing is presented in the supporting information, Fig. S2. In order to
check if the assumption of two dimensionality is introducing any
variations in the T, values calculated from the 2D flexural mod-
elling (refer appendix for detailed discussion), three-dimensional
flexural modelling has also been undertaken using the gridded
residual bathymetry, FAG-IOGL gravity and residual geoid in 11
overlapping blocks along the Maldive Ridge and DSC region. The
size of each block is selected as 550 km x 550 km with 1° overlap
and the recovered T, is assigned to the centre latitude of the grid.
The location of these overlapping blocks, from south to north, are
shown in Fig. 2b.

4.2. Geoid to topography Ratio (GTR) computation and analysis over
GMR

For understanding the isostatic compensation mechanism of
oceanic plateaus, swells and ridges, number of studies have exam-
ined the linear relationship between the residual geoid heights and
topography for wavelengths larger than the flexural wavelength of
the lithosphere (>330 km) (e.g., Sandwell and Renkin, 1988;
Sandwell and Mackenzie, 1989; Monnereau and Cazenave, 1988;
Luis and Neves, 2006; Tiwari et al., 2007; Rajesh and Majumdar,
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2009; Sreejith and Krishna, 2013; Rao et al., 2016). Longer wave-
length (>4000 km) components of geoid and topographies gener-
ally reflects the large scale effect of mantle dynamics, while in
the waveband 330 km — 4000 km, the topographies are largely
compensated and known to exhibit a linear relationship with geoid
heights (e.g., Sandwell and Mackenzie, 1989). Implementation of
bandpass filters to truncate the wavelengths outside the waveband
(330 km — 4000 km) enables one to analyze the Geoid to Topogra-
phy Ratios (GTR) in the space domain. Here, generally, a regression
analysis using least square method is carried out on the residual
geoid data plotted against the residual topography to obtain the
slope (GTR) of the straight line fit. The bandlimited space domain
analysis for determining geoid to topography ratio have the advan-
tages that, it can be carried out on the geographic data itself and
the areas can be selected using polygons defining the boundary
of feature of interest, to avoid contaminating signals from the adja-
cent known geologically distinct features (Sandwell and
Mackenzie, 1989). Studies have established that GTR ranging
between, (0-2) m/km (low) corresponds to shallow Airy compen-
sation with crustal thickening; (2-6) m/km (intermediate) corre-
sponds to deeper levels of compensation by lithosphere thinning
(Crough, 1978) or thermal isostasy /| dynamic uplift from a mantle
plume (Sandwell and Renkin, 1988); (>6) m/km (high) provides
compensation below the lithosphere through convective stresses
(McKenzie et al., 1980). The GTR values can be used to calculate
apparent compensation depth (dc) using the Pratt’s relation,
(Monnereau and Cazenave, 1988; Rajesh and Majumdar, 2009;
Sreejith and Krishna, 2013),

g(GTR)

TCG(pm - pw) (7)
where, g is the mean acceleration due to gravity and G is the univer-
sal gravitational constant. p,, and p,, are the densities of water
(1030 kg/m?) and mantle (3300 kg/m?) respectively.

In the present study GTR values over the Greater Maldive Ridge
are computed using the residual geoid heights and residual topog-
raphy prepared for two different wavelength bands. One wave-
length band corresponds to 330 km to 2420 km and the other
one to 330 km to 800 km. The two wavelength bands are consid-
ered to understand the sensitivity of the results with the cut off
wavelength of the high pass filters. To bandpass filter the observed
geoid and bathymetry data, the longer wavelength components
reflecting the large scale effect of mantle dynamics are removed
by subtracting anomalies corresponding to a low degree and order
spherical harmonic coefficients while the shorter wavelength com-
ponents associated with the lithospheric flexure were removed
using a low pass Gaussian filter. The wavelength band 330 km —
2420 km are prepared by first removing a low degree and order
spherical harmonic coefficients with gentle cut off from 8
(~5000 km) to 25 (~1600 km) from the observed geoid and bathy-
metry data, followed by applying a low pass Gaussian filter with a
cut off wavelength of 330 km to remove the wavelengths <330 km.
The bandpass filtered (330 km — 2420 km) maps of the geoid and
bathymetry thus obtained are shown in Fig. 3. Similarly, to limit
the geoid and topography anomalies with in the wavelength band
330 km — 800 km, (Fig. S3 in the supporting information) spherical
harmonic coefficients of degree and order up to 50 (~800 km,
cosine tapered between the degrees 30 to 70) were considered
for high pass filtering. Using these bandpass filtered geoid and
bathymetry data sets, Geoid to Topographic Ratio (GTR) was com-
puted over GMR to infer the isostatic compensation mechanism of
the ridge. The analysis are completed with and without the
removal of isostatic effects of sediment load from the bathymetry
(Sykes, 1996). The bandpass filtered bathymetry corrected for the
isostatic effects of sediment load are shown in Fig. 3c; and
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Fig. 3. Bandpass filtered geoid and bathymetry (330 km-2420 km). a) Bandpass filtered geoid. b) Bandpass filtered bathymetry. c¢) Bandpass filtered bathymetry corrected for
isostatic effects of sediment load (Sykes, 1996). Black rectangular boxes represent the overlapping windows used for GTR analysis along the Maldive Ridge. 2000 m isobaths
are superposed as white contour line. Dashed blue line represents crude resolution coastline. MR: Maldive Ridge; DSC: Deep Sea Channel. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. S3c (in supporting information) respectively for the wave-
length band 330 km - 2420 km and 330 km - 800 km. The highs
and lows observed on the bandpass filtered geoid heights corre-
lates well with that from filtered topography. Along with estimat-
ing the GTR values, the correlation coefficient which signifies the
best fit are also estimated. The GTR values are converted into
apparent depth of compensation using Eq. (7). In order to under-
stand the spatial variations in GTR over the entire length of the
Greater Maldive Ridge (GMR, i.e., MR plus DSC region) several
overlapping blocks of size, 3°x2° with 1° overlap have been
selected along the GMR (Fig. 3¢) and GTR values were computed.

4.3. Modelling of the crustal structure along an E-W profile (CD) over
Maldive Ridge

In order to derive the crustal structure across the Maldive Ridge
two-dimensional forward modelling of Indian Ocean Geoidal Low
corrected free-air gravity data has been undertaken along an E-W
profile. This east-west profile (Profile CD in Fig. 1c)
runs ~ 750 km from the Arabian Basin in the west, through Mal-
dive Ridge and the Central Indian Basin in the east and intersects
the two N-S seismic transects of Aubert and Droxler (1996) and
also the N-S profile (Profile AB in Fig. 1c) modelled by
Kunnummal and Anand (2019). The two industrial wells ARI-1
and NMA-1, slightly north of the profile, has been projected into
this profile to constrain the initial depths to different layers. The
2D forward modelling was undertaken using the interactive GM-
SYS profile modelling software (Geosoft, 2014). The computation
of gravity anomalies is based on the method of Talwani et al.
(1959) and makes use of the algorithms described in Won and
Bevis (1987). Analogous to the previous crustal model
(Kunnummal and Anand, 2019) derived along the N-S profile AB,
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a multi-layered crustal model is assumed for calculating the grav-
ity response. Starting with bathymetry from the top, the layering
follows the carbonate platform, lava flow unit, acoustic basement,
underplated material and finally the mantle. The depth to the shal-
low layers were constrained utilizing the information from ARI-1,
NMA-1 wells and from the two N-S seismic transects (Aubert
and Droxler, 1996) at the location where the profile intersects
the seismic transects. The starting depth to the top of acoustic
basement and underplated material were taken from the depths
obtained from the radially averaged power spectrum (after
Kunnummal and Anand, 2019); while a starting model of varia-
tions in the Moho depth along the profile is assumed from the
Moho predicted from the inversion of Mantle Residual Gravity
anomalies from our earlier study Kunnummal et al. (2018). Car-
bonates on the top of the Maldive Ridge ranging in age from Pale-
ogene to present was assumed an average density of 2.3 gm/cc
whereas the lava flows was assigned an average density of 2.8
gm/cc (Backman et al., 1988). The acoustic basement, underplated
material and the Mantle were respectively provided densities of
2.95 gm/cc, 3.05 gm/cc and 3.30 gm/cc. A density of 2.35 gm/cc
is assumed for the sediments in the adjacent Arabian and Central
Indian Basins. The gravity response of the model was computed
and compared with the observed anomalies and then the model
depths were adjusted iteratively in a way that best reproduces
the observed gravity anomalies. In the present model, we have
considered a density of 2.95 gm/cc for the entire crustal layer
underlying Arabian Basin, MR and Central Indian Basin. However,
areworked continental crust (Kunnummal et al., 2018) with a den-
sity different from the assumed density cannot be ruled out for the
Central Indian Basin region east of the Vishnu Fracture Zone. The
final crustal structure derived across the Maldive Ridge is shown
in Fig. 8.
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5. Results
5.1. Flexural modelling

The results of the flexural modelling carried out over the single
profiles and stacked profiles suggests that, in general, the T, values
obtained by 2D flexural modelling of bathymetry-gravity and
bathymetry-geoid are more consistent when using the stacked
profiles rather than for single profiles (See supporting information
Fig. S4, a representative plot for comparison). This is true while
using both, Smith & Sandwell and GEBCO-2021 bathymetry data.
Accordingly, only the results from the modelling of stacked profiles
are tabulated (Table 2). The observed gravity/geoid and the same
predicted for the best fitting T., along with the bathymetry and
objective response function misfit curves are shown in Fig. 4, from
south to north, for few selected median stacked profiles (S2, S6,
S$13, S18). These are presented for both the Smith & Sandwell
bathymetry and GEBCO-2021 bathymetry. The representative pro-
files S2 and S6 are located in the DSC region while S13 and S18 are
over the Maldive Ridge (Fig. 2a). The average T, obtained for the
profiles S2 and S6 in the DSC region are about 14 km, while that
deduced from the profiles S13 and S18 over the MR are 8.7 km.
The flexural modelling results other than that shown in Fig. 4 are
provided in the supplementary section (Fig. S6 to Fig. S15).

It can be seen that the T, values inferred from the Smith & Sand-
well bathymetry and GEBCO-2021 bathymetry are more or less
identical (Table 2), there being no difference in many profiles
and an average difference of 0.5 km along few profiles. However,
the difference is 1 km in profiles S10 and S22, 1.5 km in S11 and
2 km in S12. This difference may be due to the fact that the bathy-
metry is changing rapidly across the region where these profiles
are located and that the stacked profile is providing an average
bathymetry along these profiles. The resulting unsteadiness in T,
values might be caused by the higher sensitivity of free-air gravity
with the irregularity of the topography. Nevertheless, the trend of

Table 2
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the data remains unaltered. In addition there is large difference in
T. computed from gravity and geoid data along these profiles (510,
S11, S12, S22). Interestingly, the T. values deduced from all the
median stacked profiles, from south to north along the GMR pre-
dicts comparatively higher values of T, over DSC region (11 km -
16.5 km, from profiles S1 to S9), and lower values over the Maldive
Ridge (6 km — 10 km, from profiles S10 to S23).

The T, values determined using 3D flexural modelling from the
overlapping blocks (B1 to B11, Fig. 2b) using FAG-IOGL gravity and
residual geoid data for the two bathymetric datasets are summa-
rized in the Table 3 along with the upper and lower limits of T, val-
ues. The results of the flexural modelling of two representative
blocks, B3 in the DSC region and B10 over the MR are provided
in the Fig. 5 for both the Smith & Sandwell bathymetry and
GEBCO-2021 bathymetry (results of remaining blocks are provided
in the supplementary section, Fig. S16 to Fig. S24). The predicted T,
value from the blocks B3 and B10 are 12 km and 8 km respectively.
It is notable that, the T, values evaluated from the gravity and
geoid are very close to each other and follow the same trend of
variation along the GMR for both bathymetric datasets. As seen
from 2D modelling, in 3D case also relatively higher T, values are
found over DSC region from the blocks B1 to B4 (>11 km), com-
pared to values obtained over the Maldive Ridge, from the blocks
B5 to B11 (<10 km). By and large, the spatial variation in T, along
the Greater Maldive Ridge computed from the 3D flexural mod-
elling are comparable to that determined from the 2D flexural
modelling both in magnitude and trend. The minor deviations in
magnitude could be the result of averaging effect of the discrete
windows selected. Since the profiles and discrete windows
selected for the analysis extends to the adjacent basins, the
obtained T, value could reflect an average value for the segments
analyzed. However, the results from the 2D flexural modelling
reveal finer variations in T. along the GMR at 55 km interval
whereas the results from 3D modelling display the average T,
value at every 110 km along the GMR.

Result of 2-dimensional flexural modelling using stacked profiles. See Fig. 2a for profile locations. The upper and lower bounds of T, values are determined from the intersection of
a line obtained by increasing the minima of objective function by 10% of the function on the misfit curve.

Profile No. Centre Latitude (degree) Effective elastic thickness, T, (km)

Using Smith & Sandwell bathymetry data Using GEBCO-2021 bathymetry data

FAG-IOGL - Residual Residual Geoid - Residual FAG-IOGL - Residual Residual Geoid - Residual

Bathymetry Bathymetry Bathymetry Bathymetry

Lower  Bestfit Upper Lower Bestfit Upper Lower Bestfit Upper Lower Bestfit Upper
S1 -35 14.7 16.5 18.2 14.8 16 16.9 15.1 17 19.2 15.7 16.5 17.3
S2 -3 12.7 145 16 14.3 15 16 12.9 14.5 16.3 144 15.5 16.1
S3 -2.5 11.4 13 14.2 12.8 135 14.6 113 13 14.2 12.8 135 14.6
S4 -2 12.8 145 16.1 13.5 14.5 15.6 12.8 145 16.4 13.6 145 15.7
S5 -15 13.6 15.5 17.2 13.7 15 15.9 13.2 15 17.1 13.6 145 15.5
S6 -1 11.5 13.5 15.1 13 14 14.8 113 13 14.6 12.7 135 14.5
S7 -05 10.6 12 134 12.6 135 14.3 10 115 13 121 13 14
S8 0 8.7 10.5 11.9 11.2 12 13 9 11 12.4 11.7 125 134
S9 0.5 9.4 11 12.8 9.5 11 119 9.9 11.5 129 10 11 12
S10 1 3.9 75 9.4 10.2 115 13 5.4 8.5 10.5 11.2 125 139
S11 1.5 0 25 5.5 10.3 12 134 0 4 6.4 10.9 125 14.3
S12 2 0 3.5 5.7 9.7 11 12.3 34 5.5 7 111 125 13.7
S13 25 7.5 85 9.6 8.5 10 11 7.1 8.5 9.5 8.9 10 111
S14 3 8.6 10 11 8.7 9.5 10.8 8.3 9.5 10.8 8.6 9.5 10.7
S15 35 7.6 9 10 8.3 9.5 10.3 7.4 8.5 9.6 8.4 9.5 10.2
S16 4 8.6 9.5 10.4 8.3 9 9.9 8.3 9.5 104 83 9 9.9
S17 4.5 7.8 9 9.8 8.4 9.5 10.2 8.1 9 9.8 8.6 9.5 10.2
S18 5 6.8 7.5 8.5 7.8 85 8.9 6.9 8 8.7 8.1 8.5 9.2
S19 55 7.1 8 8.9 7.7 8.5 8.9 7 8 8.8 7.6 8 8.8
S20 6 6.7 8 9.4 6.4 7 7.9 6.7 8 9 6.4 7 7.9
S21 6.5 7.9 9 10.2 6.9 7.5 7.8 7.4 8.5 9.8 6.6 75 7.9
S22 7 3.1 5 6.4 6.2 7 7.4 4.4 6 7 6.7 7.5 7.9
S23 75 0 4 6.1 8.3 9 9.4 0 35 6 8.2 9 9.5
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Table 3
Result of three dimensional flexural modelling carried out over 11 overlapping blocks along the Greater Maldive Ridge, from south to north. Refer Fig. 2b for the location of the
blocks.
BlockNo. Centre Latitude(degree) Effective elastic thickness, T, (km)
Using Smith & Sandwell bathymetry data Using GEBCO-2021 bathymetry data
FAG-IOGL - Residual Residual Geoid - Residual FAG-IOGL - Residual Residual Geoid - Residual
Bathymetry Bathymetry Bathymetry Bathymetry
Lower Best fit Upper Lower Best fit Upper Lower Best fit Upper Lower Best fit Upper
B1 -3 11.2 13 14.7 11.9 13 14 11.1 13 14.9 12 13 143
B2 -2 11.9 14 15.8 12.5 135 14.9 11.5 135 15.9 12.5 135 14.7
B3 -1 9.9 11.5 134 11 12 13.2 9.9 12 13.7 11.1 125 134
B4 0 9.4 115 13.2 10.7 12 13 9.7 115 13.6 11 12 13.1
B5 1 8.2 10 11.5 9.5 10.5 11.9 8.3 10 11.9 9.9 11 12
B6 2 7.3 9 103 8.6 9.5 104 7.6 9 10.5 8.7 10 10.9
B7 3 7.4 9 10.2 8.2 9 10.3 7.6 9 10.1 8.4 9.5 10.3
B8 4 7.3 8.5 9.9 7.9 9 9.7 7.4 85 9.7 8 9 9.6
B9 5 7 8.5 9.6 7.3 8 9.1 6.8 85 9.6 7.3 85 9.1
B10 6 6.6 8 9.6 7.3 8 8.9 6.6 8 9.5 7.3 8 9
B11 7 6.3 8 9.5 71 8 8.9 6.4 8 9.4 7.1 8 9

5.2. Geoid to topography ratio

The results of the Geoid to Topography Ratio (GTR) analysis car-
ried out over the eleven overlapping blocks of size 3°x2° along the
Greater Maldive Ridge are shown in the Table 4. The computations
shows that the GTR values over Maldive Ridge and DSC region are
limited between the ranges 0.6 - 1.4 m/km for the studied wave-
length bands with or without the sediment correction. If one
assume a mantle density of 3300 kg/m> and seawater density of
1030 kg/m?>, for these GTR range, the corresponding apparent com-
pensation depth ranges from 12.4 km to 28.9 km (Eq. (7)). Scatter
plot of two representative blocks (blocks 1 and 8) for the wave-
length bands 330 km — 2420 km and 330 km — 800 km are pre-
sented in the Fig. 6. It should be noted that an application of
isostatic sediment correction introduces negligibly small changes
in the GTR values and goodness of fit obtained, while use of differ-
ent wavelength band shows minor variations in GTR values for the
polygonal areas selected.

The spatial variations in GTR obtained for the two wavelength
bands analyzed in this study (Fig. 7, middle panel), shows a maxi-
mum value of 1.4 m/km in the south, i.e,, in the DSC region and
decreasing towards north over the Maldive Ridge to a minimum
of 0.6 m/km. The correlation between filtered geoid and topogra-
phy for the northern blocks (Blocks 9, 10 and 11) computed using
the 330 km — 2420 km filtered datasets, shows notable decrease in
the value of correlation coefficients (Fig. 7a, top panel) compared to
the same obtained for southern blocks as wells as using the 330 km
— 800 km filtered datasets. This indicates that the wavelength
band over which the geoid correlates with topography varies over
the northern part. If one examine GTR variations very closely from
south to north, it can be seen that, the values are first starting to
decrease from the latitude —3° to —1°, i.e., in the DSC region, then
attains a constant value up to latitude 2°, and further progressively
decreases towards north over the Maldive Ridge.

6. Discussion
6.1. Crustal structure of Maldive Ridge

The crustal model derived from FAG-IOGL data across the Mal-
dive Ridge (Fig. 8) shows that the Moho depth over the Arabian
Basin is comparatively shallower (~8.7 km) than the Central Indian
Basin (~16 km), east of Maldive Ridge. Similarly, the crust over the
Arabian Basin are thinner as compared to that over the Central
Indian Basin. The maximum Moho depth value of ~ 26 km are
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observed beneath the Maldive Ridge. More or less similar Moho
depth / crustal thickness variations were also inferred from the
three dimensional inversion of mantle residual gravity anomalies
over this region (Kunnummal et al., 2018). Interestingly, the
deduced crustal model reveals the presence of thin lava flow unit
(1-2 km) on either side of the MR probably masking the underlying
oceanic crust. This may be a reason for the non-identification of
sea-floor spreading anomalies along the ocean floor adjacent to
MR. The thickness of the lava flow unit is comparatively larger over
the Maldive Ridge inner sea area (~4 km). Towards the east, the
lava flows unit is terminated at the Vishnu Fracture Zone. 2D for-
ward modelling along the profile provided a better RMS fit for a
density of 2.95 gm/cc for the crust (acoustic basement), which is
comparable to the oceanic crustal density. Therefore, it is more
likely that the crust underneath the Maldive Ridge part of the
Chagos-Laccadive Ridge system is oceanic in nature. However, con-
sidering the inherent ambiguities in the forward modelling of grav-
ity data other geophysical, geochemical and finally results from
deep drilling are necessary to arrive at a final conclusion on the
exact nature of the crust underneath the Maldive Ridge.

6.2. Variations of T, and GTR over the GMR and tectonic implications

The finer variations in the effective elastic thickness determined
along the Greater Maldive Ridge, through 2D and 3D flexural mod-
elling of both the gravity and geoid anomalies revealed a low to
moderate T, values ranging from 6.5-16.5 km. Compared to the
T, values obtained over the DSC region (11-16.5 km), relatively
lower T, values of the order 7-9 km were found over the Maldive
Ridge. Previous estimation of T, using admittance analysis
(Ashalatha et al., 1991; Tiwari et al., 2007) and flexural modelling
(Watts et al., 2006; Sreejith et al, 2019) also suggested
values < 10 km along the Maldive Ridge. However, the slight differ-
ences in magnitude of the T, estimated from present study and
previous studies may attributed to the selection of different win-
dow size and model parameters adopted for the computation.
The T, variations generally reflects the strength of the lithosphere
at the time of the load emplacement and thus it may be used to
discriminate between probable genetic processes, chiefly whether
the volcanic emplacement was near to an active spreading centre
(low T.) or to off ridge phenomena (high T.) (Watts, 2001). The glo-
bal T, estimates of Watts et al., (2006) assigned seamounts with T,
ranges from 0-12 km to an “on or near ridge” tectonic setting,
12-20 km to “flank ridge” setting and seamounts with
T, > 20 km to an “off ridge” setting. Accordingly, T. value of
6.5-16.5 km evaluated over the GMR from the present study
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Fig. 5 (continued)

suggest a possible emplacement of the ridge near or on the flanks (Morgan, 1972; Witmarsh, 1974; Duncan and Pyle, 1988). In the
of a spreading centre. Various studies suggests that, Reunion hot- context of plume-ridge interaction, a low value of T, generally indi-
pot activity was associated with the formation of Maldive Ridge cates the proximity of the plume near to the spreading centre.
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Table 4
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Results of GTR analysis over several overlapping blocks along the Greater Maldive Ridge. Locations of blocks are shown in Fig. 3c.

Block Centre Using 330 km — 2420 km bandpass filtered geoid and bathymetry Using 330 km — 800 km bandpass filtered geoid and bathymetry
No. %szlt?is) With Sediment Without Sediment With Sediment Without Sediment
& Correction (WS) Correction (WOS) Correction (WS) Correction (WOS)
GTR r DC GTR r DC GTR r DC GTR r DC
(m/km) (km) (m/km) (km) (m/km) (km) (m/km) (km)
B1 -3 1.28 £0.16 098 264 1.27+0.16 098 263 1.37+0.19 099 283 135%0.18 099 278
B2 -2 1.25+0.14 096 258 1.24+0.14 096 255 1.28+0.16 098 263 1.26+0.15 098 259
B3 -1 119 £0.12 095 246 1.18+0.12 095 242 1.18+0.14 097 244 1.16+0.13 097 239
B4 0 1.20 £ 0.10 097 247 1.18+£0.10 097 243 1.10+0.12 098 226 1.08 £0.12 099 223
B5 1 1.20 £ 0.10 097 248 1.18+0.10 098 244 1.10+0.13 099 218 1.04+0.12 099 214
B6 2 1.21 £0.10 095 249 1.1910.10 097 246 1.04+0.13 097 214 1.03+0.13 098 21.1
B7 3 1.10 + 0.09 092 228 1.12+0.09 094 23.1 096 +0.11 095 19.8 099 +0.11 097 202
B8 4 1.01 £ 0.09 091 20.7 1.03 +£0.09 094 213 0.88+0.11 095 182 091 +0.11 096 18.8
B9 5 0.91 +0.10 0.86 18.7 0.95+0.10 0.89 19.7 0.76 £0.11 093 15.6 0.80z%0.11 095 16.5
B10 6 0.70 £ 0.10 0.77 145 078 £0.11 082 162 0.64 £0.10 094 133 070 £0.11 095 145
B11 7 0.58 £ 0.10 074 120 0.70 £0.11 081 144 0.66 £ 0.09 098 136 0.74 £0.11 098 153
*r = Correlation Coefficient, DC = Apparent depth of compensation computed using Eq. (7).
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Fig. 6. GTR analysis of two representative blocks, block 1 (a) in the DSC region and block 8, (b) over the MR, carried out for two bandpass filtered geoid and bathymetry. WSC
and WOSC represents the GTR analysis carried out with and without removing the isostatic effects of sediments (Sykes, 1996) from the bathymetry respectively.
dc = apparent depth of compensation computed from the corresponding GTR value using the Eq. (7).

Therefore, the increasing T, values from north to south over the
GMR indicate that the Reunion plume was close to the spreading
centre over the northern side (Maldive Ridge) of the GMR while
it was away in the southern side (DSC region). Recent numerical
simulation of the Reunion plume interaction with the Central
Indian Ridge (Bredow et al., 2017) demonstrated that the Maldive
Ridge was formed in the vicinity of the ridge axis, while the DSC
region was over a long transform fault. This is borne out in the pre-
sent study with comparatively low T, values over the Maldive
Ridge and a slightly higher T, values over the DSC region.
Further, the variations in T, also depends on temperature, crus-
tal thickness and lithologic variations (Pérez-Gussinyé et al., 2009
and references therein). Thus, the finer variations in T, can also
reflect the variations of the above parameters even if the T, does
not represent an actual depth to the base of the mechanical litho-
sphere. An examination of the effect of various parameters on the
T. determination using the flexural modelling (Lyons et al, 2000)
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recommend that, the trend of the elastic thickness estimated along
the ridge is usually more effective than its magnitude. That is, even
if the magnitude of the T, changes with the assumption of the
parameters used (Table 1), the tectonic implications of spatial vari-
ations of T. can still be considered. All the T, values evaluated
along the axis of the Greater Maldive Ridge from the present study,
both using the 2D and 3D flexural modelling are shown in the Fig. 9
along with the various crustal interfaces mapped from our earlier
study (Kunnummal and Anand, 2019). The T, variation from north
to south along the GMR shows, in general, a gradually increasing
trend with considerable undulations. In the northern part, north
of 2° N, the T, variations are relatively smooth and low (7-9 km)
when compared to those in the south of 2° N, where the T, values
are comparatively higher (11 km - 16.5 km), and exhibit significant
undulations. Very interestingly, it can be seen that the T, variations
closely and inversely follows the undulations in the Moho depth or
the variations in the thickness of the underplated materials. A
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higher Moho depth of about 27 km is observed over the Maldive
Ridge, while it decreases towards south to a depth of about
15 km in the DSC region (Kunnummal et al., 2018). Similarly, the
thickness of the crust over the MR is also higher as compared to
the DSC region.

The plume-ridge interaction near to a spreading centre
enhances the melt production thereby leading to an increased
crustal thickness (Gassmoller et al., 2016). Through simulation of
plume-ridge interaction studies, Gassmoller et al. (2016), sug-
gested that the amount of crust generated has an inverse correla-
tion with the distance between plume track and the ridge. That
means regions where the plume is very close to the ridge will have
much higher crustal thickness compared to regions that are away
from the ridge. In addition to the proximity, the time extent of
interaction between plume and ridge, i.e., the rate of spreading,
also plays an important role in the amount of melt generation.
Such a correlation between crustal thickness, variation in melt pro-
duction, time of interaction and the proximity of the plume and
ridge is shown over the Amsterdam-Saint Paul plateau (Maia
et al,, 2011) and also over the 90°E ridge (Ratheesh-Kumar and
Windley, 2013; Sreejith and Krishna, 2015), in the Indian Ocean.
Studying the variation of effective elastic thickness and melt pro-
duction along Deccan-Reunion hotspot, Tiwari et al. (2007) and
Suo et al. (2020) suggested an inverse correlation between T, and
melt production rates. As can be seen from Fig. 9, smaller T, values
are observed over regions where the thickness of underplated
material, thought to have formed due to the interaction with the
hot spot, is more. Combining this information with the estimated
T. values and crustal thickness from our earlier study
(Kunnummal et al., 2018), it can be inferred that the Reunion hot-
spot was very near to the spreading centre of the Central Indian
Ridge in the Maldive Ridge segment of the Chagos-Laccadive Ridge.
Sreejith et al. (2019) argued that the low T, observed over the Lac-
cadive part of Chagos-Laccadive Ridge could not be explained by
either an on-ridge or off-ridge emplacement on the oceanic litho-
sphere as the plate tectonic models suggest that the velocity of
the Indian plate was exceptionally high commencing from the arri-
val of Reunion plume at 66 Ma till India-Eurasia collision at 52 Ma.
We checked this argument in the GMR part of Chagos-Laccadive
Ridge using the age information available from the ODP and indus-
trial wells in the region. The basaltic lava flows recovered from
ODP site 714 and 712 (Fig. 1), which are approximately 1000 km
apart, respectively provided age of 57 Ma and 49 Ma suggesting
a very rapid movement. However the industrial well
(NMA1) ~ 90 km southwest of the ODP well 714 provided an age
of 55 Ma suggesting that the Indian plate was moving with a mod-
erate speed during this time interval. This suggests that plate
movement was variable and the time duration of plate-plume
interaction was different from north to south along the GMR. As
there is a direct relation between melt generation (crustal thick-
ness) and plume-ridge interaction which will have an inverse rela-
tion with T,, we infer that the plume interacted with the ridge for
more time in the northern part of GMR which progressively
decreased towards the south. Relatively higher T. values of
11 km - 16.5 km along with a marked decrease in the crustal thick-
ness (Kunnummal et al., 2018) obtained over the DSC region sug-
gests that this region was formed away from the plume and
probably evolved over a transform fault which resisted the magma
emplacement with its geometry and lithospheric strength. This
inference is in accordance with the studies by Suo et al. (2020)
who suggested that the lowest production rate occurred at 50—
52 Ma. Fig. 10.e summaries the inference on plume-ridge interac-
tion inferred from the present study. In the presence of underplat-
ing (Fontaine et al., 2015) the flexural modelling predicts a slightly
higher T, values (Watts, 2001), therefore the T, estimates from the
present study provides an upper bound to the T, variations along
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the Greater Maldive Ridge especially over the Maldive Ridge
segment.

The spatial variations in Geoid to Topography Ratio (GTR) over
the Greater Maldive Ridge revealed low GTR values ranging from
0.6 — 1.4 m/km. An overall increasing trend of the GTR variations
from north to south along the ridge was observed with compara-
tively low values over the Maldive Ridge (<1 m/km) and slightly
higher values over the DSC region (>1 m/km). Similar to the spatial
variation in T,, the trend of the GTR values also changes at 2°N. The
variations in the depth of compensation shows a shallow compen-
sation depth (15-23 km) in the northern part (north of 2°N), while
the compensation depths gently increases towards south, over the
DSC region (>23 km). Studies have established that the low GTR
values (0-2 m/km) generally suggests a shallow compensation
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(e.g., Sandwell and Renkin, 1988). Therefore the low GTR values
ranging from 0.6—1.4 m/km obtained from the analysis of several
overlapping blocks, predicts a local isostatic compensation mecha-
nism with crustal thickening under the Greater Maldive Ridge.
Thus the GTR variation also supports the assumption that the Mal-
dive Ridge was emplaced on a near ridge setting. The Moho depth
derived from gravity inversion also suggests a crustal thickening
under the GMR (Fig. 10a).

Additionally, a comparison of the global Curie depth with the T,
and GTR variation along the GMR was made in this study to under-
stand, whether, the T, or GTR predicted along the Greater Maldive
Ridge dependent on any temperature perturbations along the
ridge. The global Curie-point depth, with a gridding resolution of
10 arc-minute, mapped from the Earth Magnetic Grid (EMAG-2)
with 2 arc-minute resolution by Li et al. (2017) over the study
region is presented in the supporting information Fig. S5. We are
looking at the relative variations of Curie depth over GMR rather
than absolute values. One of the main parameter, which controls
the Curie depth variation, is the temperature or crustal heat flow
with lesser incidence of a petrological boundary (Rajaram et al.,
2009). Generally a shallow Curie depth is observed in the region
where high heat flow persists. Along the GMR, the Curie depth
increases from south to north (as can be seen from Fig. 10b) pro-
gressively with age, in accordance with previous observations for
world oceans (Li et al., 2017; Gailler et al., 2016). In the study
region, over the MR, a slightly deeper Curie depth, (an average of
20 km) was obtained as compared to DSC region, where it averages
to 17 km. Occurrence of relatively deeper Curie depth over the MR
region, suggests that currently the region is not associated with
any thermal anomalies, different from what is observed in the
mid-oceanic ridges where there is active magmatism and upwel-
ling of the asthenospheric material (Li et al, 2017). From
Fig. 10b, between latitude 2° to 7°N, inferred as on or near axis vol-
canism, an inverse correlation is observed between excess crustal
thickness and Curie depth. Between latitude 4.5° and 5.5°, which

a) Excess Crustal Thickness (km) b) Excess crustal thickness,
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we earlier suggested as region where the plume was below the
ridge for relatively longer duration with largest excess crustal
thickness within MR, the Curie isotherm is shallower suggesting
increased temperature. This observation propose that Curie depth
in combination with excess crustal thickness can act as a proxy
to provide information on the duration of plume-ridge interaction.
However, this postulate has to be verified in other tectonic settings
as well. In the DSC region where, the plume was interpreted to be
over a long transform fault (Fig. 10e), the Curie isotherm is at or
below the Moho level. A similar pattern i.e., Curie depth below
Moho is observed in the adjacent Arabian Sea as well. Studies con-
ducted on unaltered mantle xenoliths indicate that the uppermost
mantle could contain ferromagnetic minerals and it can give rise to
long wavelength magnetic anomalies (Ferré et al., 2014). Previous
studies (Ildefonse et al., 2010) have also shown that upper part of
the lithospheric mantle in older ‘oceanic crust’ can give rise to
magnetic anomalies. This gives additional support to our earlier
inference that the DSC region is overlain by oceanic crust
(Kunnummal and Anand, 2019). As stated earlier, the plume was
over a long transform fault in the DSC region which has hindered
melt generation due to which the excess crustal thickness is very
less in this region (Fig. 10b). The relatively large T, and shallower
Curie depth in DSC region can be attributed to the presence of
transform fault at the time of its formation. This can be due to
the fact that although the temperature near transform fault is high,
mechanically the lithosphere near transform faults can still retain
its strength, as suggested by studies of Lu and Li (2017) in the Arc-
tic region.

Therefore in context of Reunion hotspot interaction with the
Central Indian Ridge, the finer variations in T,, GTR, Moho depth
and crustal thickness variations along the Greater Maldive Ridge
revealed from the present study, largely support the idea that the
Maldive Ridge was emplaced on a near ridge tectonic setting, while
the DSC region might have been located over a long transform fault
(Fig. 10e). From the present study, it can be seen that GMR, a single
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bathymetric feature, is associated with more than one tectonic set-
ting as suggested by Watts et al. (2006). Further detailed investiga-
tions along the GMR using multi-channel seismic reflection
sections, magnetic and geochemical results from deep drilling,
may deliver useful information on nature of the ridge.

7. Conclusions

High resolution satellite derived gravity, geoid and bathymetry
over the Greater Maldive Ridge have been analyzed in this study to
understand its crustal structure and tectonic evolution. The finer
variations in T. along the GMR are determined from the 2D and
3D flexural modelling employing both the bathymetry-gravity
and bathymetry-geoid relationship. The analysis has been per-
formed using two different bathymetric datasets for comparison.
The results from the 2D flexural modelling carried out using sev-
eral median stacked profiles and that from the 3D flexural mod-
elling along several overlapping blocks, shows a similar pattern
of T, variation, both in magnitude and trend along the ridge. The
estimated T. values along the GMR ranges from 6.5 km to
16.5 km with comparatively lower T, values over the MR (7 km
- 9 km) and a slightly higher T. values over the DSC region
(>10 km). The GTR values computed for two wavelength bands
show almost similar kind of variation along the ridge with a max-
imum GTR value of 1.4 m/km in the south, i.e., in the DSC region
and decreasing towards north over the Maldive Ridge to a mini-
mum of 0.6 m/km. Integrating the results obtained from the pre-
sent study with previously published data of crustal thickness,
Moho depth and Curie depth along the entire length of the GMR
suggest that the Maldive Ridge was formed in the vicinity of
spreading centre where as the DSC region was under a long trans-
form fault, and give rise to gap between Chagos Bank and Maldive
Ridge during the plume-ridge interaction. The present study also
suggests that the Curie isotherm depth in combination with excess
crustal thickness can be used as a proxy to throw light on the dura-
tion of plume-ridge interaction. Further, detailed paleo-geographic
reconstruction studies using high resolution magnetic data along
with geochemical data from deep drilling at several locations on
the ridge will provide more clues to its tectonic evolution.
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Appendix

The importance of inclusion of non-linear terms when mod-
elling the gravity and geoid anomalies due to topographic load
and its compensation is demonstrated here using synthetic data
and results. Synthetic tests are performed for two topographic
loads, case a) Gaussian seamount; case b) line ridge. The first
model assumes a Gaussian seamount (Fig. 11a) having a Gaussian
height of 3600 m and base radius of 75 km loading an elastic litho-
sphere of T, value 6 km. The seamount is placed on flat seafloor of
depth 4000 m and the average crustal thickness is taken as 6 km.
Similarly, in the second case, a line ridge with a base width of
150 km and height of 3600 m placed in the same environment
are considered (Fig. 12a) with similar T, and crustal thickness val-
ues. A line ridge is taken because, most of the aseismic ridges, show
considerable elongation and appear to be linear feature rather than
a single isolated seamount. The density of seawater, crust and
mantle are assumed to be 1030, 2800 and 3400 kg/m> respectively
(here the density of the topographic load is assumed to be equal to
the crustal density). The gravity and geoid response from these two
models computed with and without including the nor-linear terms
are shown in Fig. 11 (c, f) and Fig. 12 (c, f). The non-linear contri-
butions from the bathymetry and Moho are evaluated up to and
including n = 5. It can be noted that, from the Fig. 11 and Fig. 12,
inclusion of higher order terms have strong effect on the peak
amplitude and very less effects on the flanks of the anomaly, in
both the case of seamount and line ridge. This shows the signifi-
cance of consideration of nonlinear terms when attempting to fit
the anomaly peaks in the flexural modelling of gravity and geoid
anomalies. Further, studies show that the maximum amplitude of
the anomaly peak increases as the number of terms in the expan-
sion increases, but converges quickly (e.g., Marks and Smith, 2007).
Hence in this paper for flexural modelling, the non-linear contribu-
tions from the bathymetry and Moho are evaluated up to and
including n = 5.

Another important aspect noted in the flexural modelling stud-
ies is the effect of assumption of two dimensionality for a three
dimensional feature (Ribe, 1982; Filmer et al., 1993; Lyons et al.,
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Fig. 11. The effect of dimensionality and the inclusion of higher order terms of bathymetry and Moho topography in the flexural modelling of a seamount is demonstrated
here. a) The Gaussian seamount with base radius 75 km and height 3600 m placed on a flat seafloor. b) Represents the bathymetry extracted over a profile shown in Fig. 11a
(white dotted line). c) and f) Illustrates the effect of inclusion of higher order terms (n = 5) of bathymetry and Moho. d), e) and g), h) show the effect of incorrect assumption of

two dimensionality in the gravity and geoid anomalies for an isolated seamount. The values of model parameters used arep,, = 1030 kg/m®, p_= 2800 kg/m?, p,,= 3400 kg/m?,
d =6 km, T,= 6 km.
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Fig. 12. Model illustrating nonlinear and dimensionality effects in the case of a line ridge. a) A line ridge with base width 150 km and height 3600 m placed on a flat seafloor.
b) Represents the bathymetry extracted over a profile shown in Fig. 12a (white dotted line). c) and f) Illustrates the effect of inclusion of higher order terms (n = 5) of
bathymetry and Moho. d), e) and g), h) show the effect of incorrect assumption of two dimensionality in the gravity and geoid anomalies for a line ridge. The values of model
parameters used arep,, = 1030 kg/m>, p_= 2800 kg/m> p,, = 3400 kg/m?, d = 6 km, T.= 6 km.
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2000). Assumption of two dimensionality for a seamount intro-
duces marked effects on the gravity anomalies and have large
effect on T, determination in flexural studies (Lyons et al., 2000).
This is demonstrated in the Fig. 11 (d, e and g, h) for the case of sea-
mount. The bathymetry extracted over a profile (Fig. 11.b) from the
3D Gaussian seamount (Fig. 11a) has been assumed as a 2D struc-
ture and the model parameters are set same for both 3D and 2D. It
appears that the assumption of two dimensionality of seamount
causes a false negative side lobes and insufficient peak amplitude,
leading to an overestimation in T, (Lyons et al., 2000). However, in
the case of a line ridge, as demonstrated in the Fig. 12 (d, e and g, h)
the assumption of two dimensionality as little effect on the gravity
and geoid anomalies. Therefore the 2D flexural modelling of grav-
ity and geoid anomalies can also provide reliable T, estimates if the
length of the ridge is much greater than its width and the profile
has taken perpendicular to the ridge axis. For the safe assumption
of two dimensionality, the length of the ridge should be greater by
250-300 km than the width of the ridge (Ribe, 1982).

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gr.2022.01.006.
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